Since general and spinal anaesthesia may have effects on the cardiovascular system (Prys-Roberts, 1980; Greene, 1981) , it was decided to study such effects in conjunction with studies of the disposition of selected drugs with potentially flow-limited clearance, using sheep with chronically implanted catheters (Runciman et al., 1984a, b) . In this paper, studies on the disposition of cefoxitin are presented. Cefoxitin sodium is a broad spectrum, bactericidal, semi-synthetic antibiotic with a wide margin of safety which has been found useful in peri-operative care (Brogden et al., 1979; Schrogie et al., 1978) . It has a high renal clearance, minimal cardiovascular effects, and does not affect renal function (Brogden et al., 1979) . Since the clearance of cefoxitin by the kidney depends on energy-dependent processes (tubular secretion) and renal blood flow, it is useful as a probe with which the effects of anaesthesia on the disposition of a drug cleared by the kidneys may be studied.
MATERIALS AND METHODS

Design of study
The studies into the effects of general and spinal anaesthesia on haemodynamics and cefoxitin disposition were carried out in sheep according to standard procedures developed to study, concurrently, interactions between blood flow and drug disposition. The rationale for the choice of species, the preparation of the animals for study, and the demonstration of the maintenance of normal physiological function over the study period, have been presented previously (Runciman et al., 1984a, b) . However, a brief description of those aspects pertaining to the studies of cefoxitin disposition is presented here. Sheep were acclimatized to being in metabolic crates and then, under general anaesthesia, multiple intravascular catheters were placed, including a left renal vein catheter placed via the right jugular vein, and aortic catheters placed via the right carotid artery. On recovery, the catheters were attached to a flushing system and 2 weeks was allowed for the sheep to recover from the procedure. Cardiac output was measured by thermodilution, and renal blood flow by the Fick method using sodium 1I6 I-iodohippurate (IOH) (Runciman et al., 1984a) . By simultaneously sampling from the aortic and renal vein catheters, renal blood flow and IOH and cefoxitin renal extraction ratios could be measured repeatedly.
SUMMARY
Three studies in sheep under 1.5% halothane general anaesthesia (studies designated GA1-GA3) were each compared with control-drug studies in the same animals awake (C1-C3) and three studies in sheep under high thoracic spinal anaesthesia (to approximately T4) (SAi-SAiii) were each compared with control-drug studies in the same animals (Ci-Ciii). The details of each investigation have been described previously in detail (Runciman et al., 1984c) , but pertinent aspects are repeated below. In each control-drug study, control measurements of cardiac output, renal blood flow, arterial pressure, and heart rate were obtained every 10 min for 60 min (seven sets). Cefoxitin sodium was then infused to the right atrium using a two-stage infusion (table I) designed to achieve steady-state conditions rapidly. Arterial samples were taken every 5 min for 30 min after the start of the 15-min cefoxitin loading infusion, every 10 min during the 75-min maintenance infusion and every 5 min for 30 min after the cessation of the maintenance infusion. Blood samples from the other sites (including renal vein) were taken every 10 min immediately after the haemodynamic measurements during, and for 30 min after, the drug infusions (12 sets). The last 60-min period of the cefoxitin infusion was regarded as a " steady-state " period for comparison of haemodynamic data with those obtained in the control period before cefoxitin infusion.
In each general anaesthesia study, the control period was shortened to four sets of measurements obtained 10 min apart, anaesthesia was induced with thiopentone sodium 20 mg kg" 1 i.v., a cuffed endotracheal tube was inserted, and anaesthesia maintained with 1.5 % halothane in 40 % oxygen (balance nitrogen). A constant volume ventilator provided intermittent positive pressure ventilation. The vaporizer and ventilator were adjusted to maintain expired halothane concentrations at 1.5% and expired carbon dioxide concentrations at 5%. After the induction of anaesthesia, the sheep was placed in its "normal" lying position with its legs tucked comfortably beneath it. The sternum and forelegs were supported on a foam rubber bolster so that the abdomen was not subject to compression. After 60 min, cefoxitin was infused and measurements made using a regimen identical to the control-drug study. Saline (0.9%, up to a total of 200 ml), was infused i.v. as required; mean arterial pressure was maintained within 5 % of control values during the cefoxitin infusion. The last 60-min period of the cefoxitin infusion was regarded as a " steady -state " period for comparison of haemodynamic data with those obtained in the control period before the GA.
In each spinal anaesthesia study, four sets of control measurements were made, as in the general anaesthesia studies. After skin preparation, a 20-gauge spinal needle was inserted to the subarachnoid space in the lumbar region and 1 % amethocaine hydrochloride 5 ml was injected over 5 s with barbotage. Saline (0.9%, up to a total of 200 ml) was infused i.v. at this stage; the mean arterial pressure was maintained within 1 % of control values during the cefoxitin infusion. The subarachnoid blockade was allowed to stabilize for 30 min and the posture of the sheep was adjusted as in the general anaesthesia studies. The level of blockade was monitored by observing reflex flicking of the skin in response to prodding with a finger (Lebeaux, 1975) . After 60 min, cefoxitin was infused and measurements were made accord- ing to the regimen used in the control-drug and general anaesthesia studies. The blockade did not start to regress until 160 min had elapsed, but had always started to regress by 180 min. The last 60-min period of the cefoxitin infusion was regarded as a " steady-state'' period for comparison of haemodynamic data with those obtained in the control period before the SA. The haemodynamic and IOH kinetic parameters during the "steady-state" period in each general anaesthesia and spinal anaesthesia study were each expressed as a percentage of the mean value of the corresponding parameter on that day in the same animal, during the control period preceding the drug infusion, and were compared using Student's t test. As the effects of general and spinal anaesthesia on regional blood flow and oxygen tensions have been reported separately (Runciman et al., 1984c) , only those haemodynamic changes which directly affect the measurement or interpretation of the disposition of cefoxitin are reported in detail in this paper.
Cefoxitin analysis and disposition
Cefoxitin blood concentrations were determined after separation of plasma and acetonitrile precipitation of the soluble proteins. The concentrations were read from standard curves prepared after spiking whole blood with known amounts of cefoxitin and an internal standard (cephamandole) and assayed at the same time. A high pressure liquid chromatographic technique was used with a C18 reverse phase column and a mobile phase consisting of 25 % methanol and 75 % acetic acid (0.5 % in water). At a mobile phase flow rate of 2 ml min" 1 , the retention times of cefoxitin and cephamandole were, respectively, 3.6 and 5.0 min. All drug amounts and concentrations were expressed as the sodium salt.
Cefoxitin clearances by kidney, liverj gut and lungs were determined from the products of blood flow through and extraction ratio across the relevant organs during the steady-state period. Arterial cefoxitin blood concentration-time data were used in conjunction with a non-linear least squares regression method to derive the parameters of a polyexponential equation (Mather, Ringrose and Austin, 1982) , from which the mean total body clearance was calculated from the ratio of dose to area under the arterial concentration-time curve (Hull, 1979) . The disposition parameters of cefoxitin during each general and spinal anaesthesia study were each expressed as percentages of the mean value of the corresponding parameter during the control-drug study in the same animal, and were compared using Student's t test for paired data.
RESULTS
Control-drug studies
A set of results from a typical control-drug study is presented in figure 1 ; note that there was no detectable splanchnic, hepatic or pulmonary clearance of cefoxitin, but that there was substantial renal clearance. During the steady-state period of the cefoxitin infusion in the control-drug studies, the mean values for cardiac output, renal blood flow, renal fraction of cardiac output, IOH extraction ratio and IOH clearance, were all within 5 % of their corresponding control values (table  II) ; mean arterial pressure and heart rate remained within 3% of their control values. The mean total body clearance of cefoxitin derived from the curve-fit method in all the control-drug studies was 102 (SD 10) % of that derived directly from the products of the measured renal blood flow and cefoxitin renal extraction ratio. 
TABLE III. Effects of general anaesthesia on blood flow and iodohippurate kinetics. Values for cardiac output (CO), renal blood flow (RBF), iodohippurate renal extraction ratio (IOH ER) and directly measured iodohippurate renal clearance (IOH
General anaesthesia studies
Typical effects of general anaesthesia on cefoxitin blood concentrations and renal clearance are shown in figure 2. Under general anaesthesia, there were significant reductions in renal blood flows, IOH extraction ratio and IOH clearance (P < 0.05, one tail test) (table III, fig. 3 ). Changes in other haemodynamic variables were all within 10% of those previously reported to occur under general anaesthesia in this preparation (Runciman et al., 1984c) . Mean arterial pressure decreased from 92 to 88 mm Hg and mean heart rate increased from 121 to 126 beatmin" 1 . Effects of general anaesthesia on cefoxitin disposition are presented in table IV, and a summary of the relevant results is presented in figure 4 . Under general anaesthesia, arterial cefoxitin concentrations were 2.5-5-fold higher because renal extraction ratios and clearances were lower. In contrast to control-drug studies, arterial concentrations did not reach a steady-state, but continued to increase slightly throughout the maintenance infusion period. During the last 60 min of the maintenance infusion the cefoxitin renal extraction ratio and renal clearance under general anaesthesia decreased to mean values of 48 and 23%, respectively, of their corresponding values in the control-drug studies (P < 0.05, one tail test). Similarly, the mean total body clearance of cefoxitin decreased to a mean of 29 % of the values obtained in the control-drug studies (P < 0.01, one tail test).
Spinal anaesthesia studies
All the haemodynamic and IOH kinetic variables measured during the cefoxitin steady-state period under spinal anaesthesia were within 10% of the corresponding mean values during the control period on that day (table V, fig. 3 ). Mean arterial pressure remained unchanged at 100 mm Hg, and mean heart rate decreased from 117 to 114 beat min" 1 . Typical results for cefoxitin blood concentrations and renal clearances during spinal anaesthesia are shown in figure 2 .
Effects of spinal anaesthesia on cefoxitin disposition are presented in table VI and a summary of the relevant results is presented in figure 4 . It is evident that HO discernible changes occurred under spinal anaesthesia (mean values of cefoxitin renal extraction ratio and renal clearance were 93 and 99 % of the values in the corresponding control-drug studies). Cefoxitin mean total body clearance under spinal anaesthesia was within 10 % of its corresponding control value in the first 
DISCUSSION
In awake unrestrained animals, the infusions of cefoxitin produced no significant haemodynamic effects, and there was a good correlation between renal and mean total body clearances, confirming that cefoxitin clearance was taking place principally via the kidneys. This correlation was maintained under general and spinal anaesthesia. Spinal anaesthesia produced no significant haemodynamic effects and no significant changes in IOH or cefoxitin clearances or extraction ratios. This was not unexpected, as mean arterial pressure was maintained by the infusion of physiological saline, and as autoregulation of renal blood flow has been shown to be well-maintained under spinal anaesthesia (Runciman et al., 1984c) . The effects of general anaesthesia on renal blood flow were profound. There was a significant reduction in the renal fraction of cardiac output which, with the significant decrease in renal vein oxygen tension already reported in this preparation (Runciman et al., 1984c) , suggests that autoregulation of renal blood flow is impaired under general anaesthesia despite the maintenance of mean arterial pressure. Furthermore, renal extraction ratio of IOH decreased significantly under general anaesthesia to a mean of 64 % of the corresponding control value. Thus errors in methods for measuring renal blood flow which assume a constant extraction ratio of a marker substance used even in tracer quantities (Runciman et al., 1984a ) may be compounded under general anaesthesia.
The fact that the arterial blood concentrations of cefoxitin increased substantially under general anaesthesia may have implications for drug dose regimens in the immediate postoperative period. Further studies have indicated that, although renal blood flow has returned to normal within 30 min of the end of anaesthesia, the depression of the energy-dependent renal tubular secretory processes may persist for several hours (Selby et al., 1984) . Although cefoxitin has a high margin of safety, the potential for producing toxic responses with drugs having low margins of safety should be considered.
Thus, general anaesthesia, in contrast to spinal anaesthesia, may interfere with the autoregulation of renal blood flow, decrease the functional reserve for renal oxygenation, and depress some renal tubular secretory mechanisms, providing the potential for toxic drug concentrations and rendering invalid renal blood flow measurements which assume a constant extraction ratio of a marker substance. Studies on the effects of various inhalation and i.v. general anaesthetic agents and on the effects of spinal anaesthesia on the renal, hepatic, pulmonary and extra-visceral clearance (Runciman et al., 1984b) of other drugs will be the subjects of further reports.
